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Abstract 

It is possible to place constraints on non-Standard-Model gauge-boson self¬ 
couplings and other new physics by studying their one-loop contributions to 
precisely measured observables. We extend previous analyses which constrain 
such nonstandard couplings, and we present the results in a compact and 
transparent form. Particular attention is given to comparing results for the 
light-Higgs scenario, where nonstandard effects are parameterized by an effec¬ 
tive Lagrangian with a linear realization of the electroweak symmetry breaking 
sector, and the heavy-Higgs/strongly interacting scenario, described by the 
electroweak chiral Lagrangian. The constraints on nonstandard gauge-boson 
self-couplings which are obtained from a global analysis of low-energy data 
and LEP/SLC measurements on the Z pole are updated and improved from 
previous studies. 
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I. INTRODUCTION 


Due to the extraordinary precision of electroweak data at low energy and on the Z pole 
it is possible to place constraints on models for physics beyond the Standard Model (SM) by 
studying the loop-level contributions of the new physics to electroweak observables. Gauge- 
boson self-interactions are a fascinating aspect of the SM, and the exploration of this sector 
is still in its early stages. While this sector is important in its own right, it is intimately 
related to the symmetry-breaking sector of the SM. Hence, we are strongly motivated to 
garner from the body of electroweak precision data any and all available clues concerning 
these heretofore more poorly understood sectors of the SM. 

Currently all available precision data concerns processes with four external light fermions 
(such as e’''e“ —> Z* —>■ // at LEP). We follow the scheme of Ref. []^ which organizes the 
calculation of these amplitudes in the following manner. First we calculate lVp[q^), (g^), 
and n^^(g^), i.e. the transverse components of the 77 , 7 Z, ZZ and WW two- 
point-functions, respectively. As well we must calculate and [q^), i.e. 

corrections to the gauge-boson-fermion vertices. The two-point-functions and a portion of 
the vertex corrections are combined via the pinch technique to form the gauge-invariant 
effective charges, e^(g^), ifzi.'f) ^^^1 gw{q^)- These effective charges contain the major 

part of the higher order corrections and are universal to all four-fermion amplitudes. (Hence, 
this approach is especially well suited to a global analysis of electroweak precision data.) The 
calculation of the four-fermion amplitudes is then completed by adding the pro cess-dependent 
vertex and box corrections. A more complete discussion is given in Section]^. In fact, most 
of the technical details are provided in Section which allows us to be very much to the 
point in the ensuing sections. 

In the context of this paper all of the non-SM contributions enter via the effective charges 
plus a form factor for the Zhb vertex. With the exception of this latter form factor, the vertex 
and box corrections reduce to their SM values for the quantities we compute. This greatly 
simplihes the analysis. 

In Section m the SM Lagrangian is extended by the addition of energy-dimension-six 
{0{E^)) operators. The operators are constructed from the helds of the low-energy spectrum 
including the usual SU(2) Higgs doublet of the SM, i.e. spontaneous symmetry breaking 
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FIG. 1. Higher-order contributions to the V 1 V 2 two-point-functions; V 1 V 2 denotes 77 , 7 Z, ZZ 
or WW. Generically the ‘blob’ may represent a contact term, a ‘bubble’ or a ‘tadpole’. 

(SSB) is linearly realized. The effective charges and the Z66-vertex form factor, [^, are 
calculated in this scheme. In Section FV the electroweak chiral Lagrangian, in which there is 
no physical Higgs boson and the symmetry breaking is nonlinearly realized 0 , is discussed, 
and we repeat the calculation of the effective charges and 5 ^. Then, in Section |V], we specialize 
to a discussion of non-Abelian gauge boson couplings. 

Numerical results are given in Section 0 We pay particular attention to the uncertainties 
inherent in obtaining bounds on new physics from one-loop effects. First, the sensitivity 
of the data to the parameters of the effective Lagrangians of Section ES and Section 0 is 
estimated by considering the contributions of only one new operator at a time. Then, bounds 
on non-SM contributions to gauge-boson self-couplings are presented accounting for limited 
correlations. Additionally we consider some more complicated scenarios, and we compare 
the results from both the linear and the nonlinear models. 


II. LOW-ENERGY PARAMETERS AND EFFECTIVE CHARGES 


We begin by calculating the corrections to the gauge-boson two-point-functions as de¬ 
picted by Fig. 1 ^. Introducing the transverse and longitudinal projection operators 
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FIG. 2. Higher-order contributions to the Vf\f 2 vertex where H = 7 , Z or W. Generically the 
‘blob’ in (a) denotes a large variety of graphs. However, for the new-physics contributions which 
we discuss, all contributions arise from graphs of type (b). 



we may write the result of the calculation of Fig. |I| as 

- , (3) 

where is the four-momentum squared of the propagating gauge bosons. Since we are 
considering processes where the gauge-boson propagators are coupled to massless fermion 
currents, we need to consider only the transverse contribution, the longitudinal 

contributions don’t contribute by the Dirac equation for massless fermions. Equivalently we 
can calculate and retain only the coefficient of 

Next, we calculate vertex corrections as depicted in Fig. ^ Using the pinch technique, 
a portion of the vertex corrections in Fig. ^(a) are combined with the two-point-function 
corrections. This standard technique renders propagator and vertex corrections sep¬ 
arately gauge invariant. Furthermore, large cancellations which would occur between the 
propagator and vertex contributions are avoided. 

For the SM contributions we use the results of Ref. |l|. For the new-physics contri¬ 
butions which we consider in later sections the discussion is very simple. All new-physics 
contributions are of the type depicted in Fig. ^(b), where the ‘blob’ denotes some nonstan¬ 
dard contribution to the WW'y or WWZ vertex. These corrections can be divided into two 
pieces. One piece, which is independent of any fermion masses, is purely pinch term; the 
remaining contributions, which depend on the fermion masses, will remain as part of the 
vertex corrections. We will discuss these latter corrections later in this section. 

For the moment we neglect the contributions of fermion masses, and, following Ref. [0, 
we write 
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- *(9) = -n,i(l - 75)9//ArI(9^) . (4a) 

- = -i7ai(l - 75)9//Arf(9^) , (4b) 

- *Ar;''AA(9) = -i7„l(l - 7,)^Ar?'(,^) , (4c) 


where // = is the third component of weak isospin for the external fermion. The notation 
on the left-hand side should be clear from the superscripts. Here and through the remainder 
of the paper we separate various quantities according to X = Xsm + AX. Hence, above, 
AT is the contribution of the new physics to the vertex correction, T (indices suppressed for 
brevity). All ‘hatted’ couplings are the MS couplings, and hence they satisfy the tree-level 
relations e = gs = gzsc and = Ana. In particular, g is the SU(2) coupling, s and c are the 
sine and cosine of the weak mixing angle, and the strength of the photon coupling is given 
by e or d. Finally, the U(l) coupling is given by g' = gsjc. 

Notice in Eqn. (^) that the corrections are purely left-handed due to the coupling of at 
least one W boson to the fermion line, hence we have extracted a factor of |(1 — 75 ) on the 
right-hand side. The appearance of the factor // in Eqns. (|ia|) - (^) may be understood as 
follows. For corrections to the hFPFy or WWZ vertex due to the type of loop graph depicted 
in Figure H(b), there are two internal W bosons, one of each charge, connected to an external 
photon or Z boson through a WW'^ or WWZ vertex. If the external fermion legs are up-type 
quarks, then the internal fermion is a down-type quark (and vice versa). Interchanging the 
up-type and down-type quarks interchanges the W^ and W~ , which, due to the properties 
of the WW'^ or WWZ vertex, leads to an overall sign change. Of course the same argument 
applies if the quarks are replaced by neutrinos and charged leptons. An additional coupling 
factor is extracted for convenience, leaving hnally the process-independent scalar form factors 
Arl(g 2 ), Arf(92) and Ar“'(g") on the right-hand side. Finally, we form the combinations 


- 2%2AFl(g2) , (5a) 

AH^^(g2) = (q^) - sq^Arf(q^) - c(q^ - m|)AF2(g^) , (5b) 

AHf (g2) = An|^(g2) - 2c(q^ - m|)AFf (g^) , (5c) 

An^^(q^) = An^^(q^) - 2(q^ - m^)AFf (g^) , (5d) 
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where the on the left-hand side are now gauge-invariant expressions. 

The contributions of these two-point-functions to four-fermion amplitudes is generally 
summarized by a set of parameters such as the S, T and U parameters of Ref. |p] or an 
equivalent set p. Following Ref. Jl| we dehne 


aAS 

aAT 

aAU 


- AU^i{0) + - 
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(6b) 

(6c) 


where 




( 7 ) 


Notice the different subscripts on the left-hand and right-hand sides of Eqn. ( 0 )- 

Several points concerning the usage of AS, AT and AU should be made. First of all, we 
may expand the If functions in a power series in according to 


AnJ^'^"(g2) = ^ q 2 qViV2 ^ ^^ 2^2 (jV^V2 ^ ___ _ 


( 8 ) 


If we include only the A and B coefficients in our expansion, then, considering all four 11 
functions, there are a total of eight constant coefficients. By a Ward identity, = A'^^ = 0. 
Using the three physical input parameters (for which we choose a, mz and Gp) eliminates 
three more, leaving three parameters, i.e. AS, AT and AU. In particular we expect that 
all nondecoupling effects are absorbed in these three parameters. 

Of course, as we go beyond the A and B coefficients in Eqn. (||) we expect that AS, AT 
and AU are insufficient to include all possible effects. In particular, if in Eqn. (H) we include 
the C terms, we expect an additional four parameters. With each additional new term we 
expect four more parameters. However, if we introduce four new form factors that run with 
q^, then S, T and U plus these four are sufficient regardless of how many terms we retain in 
Eqn. d). 

For convenience in organizing our overall analysis we introduce four such running co¬ 
efficients which may be expressed as linear combinations of the H functions. While these 
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quantities are useful as a means of organizing our calculations, we will later replace them 
with something else. We write 




aR^z{q^) = 
OiRzziq'^) = 
aRwwio^) = 


— m\ L 




■^ZZ / 2\ TT-^-^ /r\\ 

^T,z{q ) ~ ^T,z{^) 


^TW (9 ) ~ ^T,W (0) 


^WW, 


(9a) 

(9b) 

(9c) 

(9d) 


These quantities are generated directly by energy-dimension-six operators or loop effects. In 
Ref. 0 three parameters, V, W and X, were introduced. They are equivalent to Rzzij^z)) 
Rwwifnw) R^z{0). Because current experiments are not sensitive to the fourth param¬ 
eter, the authors of that work did not introduce a parameter equivalent to R^^. 

Expressed in terms of the seven parameters AS, AT, AU, AR^^, AR^z, ARzz and 
ARiyw, we introduce four effective charges via 


Aa{q^) = —6p‘q^AR^^{q^) , 

At,{q^) = af,\AT-q^ARzz{q^) 

'Aa{ml) ^I(O) 


A-s\q^) = 


s‘^c^ 


(? — p 
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dA^' 


4§2^2 


-2 / 2d m) , o2Aa(m|) _2^>5 + Af/ 


^rw(qv = -r 


+ r 


+ ag 


(10a) 

(10b) 

-|- dsc — m| 'jAR^z{q‘^) , (10c) 

ag‘^q^ARww{q^) ■ (lOd) 


^ a ^ AP 

When going beyond effects which may be summarized by AS", AT and AU, we hnd that it is 
most pragmatic to simply use the above effective charges. This avoids a proliferation of new 
parameters, a subset of which must be allowed to run anyway. Furthermore, the physical 
interpretation of the effective charges is straightforward [j^. Notice that Eqns. (|10a|) - (|10d|) 
must be calculated sequentially as presented. 

Finally, we must consider process dependent vertex and box corrections. In general there 
could be a large number of such corrections. However, for the current analysis, the only 
non-SM vertex correction with which we must be concerned is the correction to the Zbb 
vertex arising from the graph of Fig. ^(b) with an internal top-quark line. We introduce a 
form factor |l|, 6b{q‘^), which changes the SM Feynman rule for the Zbb vertex to 
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( 11 ) 


-igz'y^l -s‘^QbP++ {l + 6b{q‘^))l3-s‘^Qb 


p_ 


where the projection operators are dehned by P± = (l± 75 )/ 2 , and Qb = —1/3 and I 3 = —1/2 
are the charge and weak-isospin quantnm numbers of the b quark. Using the decomposition 
^b = SM + the hrst term contains the entire SM vertex correction (minus the pinch 
term) that multiplies I 3 , and the ‘A’ term is the contribution of Fig. ^(b) (also minus the 
pinch term). 

In the next two sections we discuss possible parameterizations of new physics effects and 
apply the formalism developed above to these scenarios. 


III. THE LIGHT-HIGGS SCENARIO 


Assuming the existence of a physical Higgs boson new physics may be described by an 
SU(2)xU(l) gauge-invariant effective Lagrangian of the form 


C 


linear i \ ' /o i 

eff - H- 


( 12 ) 


The hrst term is the usual SM Lagrangian which includes a complete set of gauge-invariant 
0{E^) operators and explicitly includes operators involving the SM Higgs doublet, d*. The 
second term constitutes a complete set of 0 {E^) operators; each 0 {E^) operator, Oi, is mul¬ 
tiplied by a dimensionless numerical coefficient, /,, and is explicitly suppressed by inverse 
powers of the scale of new physics. A, such that the overall energy dimension equals four. In 
general a very large number of new operators could contribute [H,^. However, including 
only those purely bosonic operators which conserve CP, only twelve C- and P-conserving op¬ 
erators remain [T^ . The explicit expressions for these operators are relegated to Appendix ^ 
Four operators Odw, Odb, Obw and (with associated coefficients fnW) Idbi Ibw 
and respectively) are especially important for their contributions at the tree level to 
the two-point-functions of the electroweak gauge bosons EMI , although Odw and Obw 
contribute to nonstandard IUIU 7 and WWZ couplings as well. Three operators, Ow, Ob 
and 0[vww (with associated coefficients fw, /s, fwww) are signihcant because they con¬ 
tribute at the tree level to nonstandard IUIU 7 and WWZ interactions without an associated 
tree-level contribution to the two-point functions. While the tree-level contributions to the 
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gauge-boson two-point-functions of the two operators Oww and Obb (with respective coeffi¬ 
cients fww and /bb) may be removed by a trivial redehnition of fields and couplings 


these operators are still interesting for their contributions to hfyy and HZ'j vertices [|^ 


The operator makes a contribution to the ZZ and WW two-point-functions, but the 
contributions cancel in physical observables. Hence, and (9$^ contribute only to 

Higgs-boson self-interactions and are of no further interest in the current context. Additional 
details may be found in Refs. |T^ , p^JT^ . 

We will use the effective charges calculated to the leading order in each operator. In other 
words, only the tree-level contributions of Odw, Obib, Obw and will be included while 
^W) OwwW) ^ww and Obb contribute through loop diagrams. All calculations in this 
section were performed in gauge. We calculate the loop graphs in d = 4 — 2e dimensions 
and identify the poles at d = 4 with logarithmic divergences and make the identihcation 


-(47r)T(l + e) 


log 


(13) 


where fi is an arbitrary renormalization scale. We have retained only the logarithmic terms 
and terms which grow with the mass of the Higgs boson, mn- Combining the results of 
Refs, we may write the solution as 


oi^S — —e -T^fBW — 7 
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(14f) 

(14g) 


where v = 246 GeV is the vacuum expectation value of the Higgs held. From these expres¬ 
sions we may immediately calculate the effective charges of Eqns. O- Everywhere we have 
made the assignment jR = m|. 

Finally, we calculate the Z66 vertex form factor, 


A5,{q^) = 


a ml { q^ {c^fw - sVb) 


167rs2 A2 [ m^ 


+ 




(15) 


This result agrees with Ref. 0 , as discussed below. Such effects have also been considered 
Recall that we began with operators composed only of bosonic helds. A 


in Ref. BI 


nonzero value for A^f, indicates that mixed bosonic-fermionic operators have been radiatively 
generated. 


IV. THE ELECTROWEAK CHIRAL LAGRANGIAN 


Next we address the nonlinear realization of the symmetry breaking sector. In the nota¬ 


tion of Ref. 22-241 we present the chiral Lagrangian, 


= £§lui:£i + --' 


(16) 


We use the superscript ‘nlr’, denoting ‘nonlinear realization’. Again the hrst term is the SM 
Lagrangian, but in this case no physical Higgs boson is included. Hence is nonrenor- 
malizable. The hrst non-SM terms are energy 0{E‘^) and 0{E‘^) operators which are not 
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manifestly suppressed by explicit powers of some high scale. There are twelve such opera¬ 
tors which conserve CP; eleven of these separately conserve C and P. For explicit notation 
see Appendix p. 

Three of the operators, £i and £ 3 , contribute at the tree-level to the gauge-boson 
two-point-functions; £1 and £3 also contribute to nonstandard PFPFy and WWZ couplings. 
Three operators, £ 2 , £3 and £ 9 , contribute to hFPFy and WWZ couplings without making 
a tree-level contribution to the gauge-boson propagators. Unlike the light-Higgs scenario, 
several operators, and £ 10 , contribute only to quartic vertices. Several operators 

violate the custodial symmetry, SU(2)c. They are £'i, £ 0 , £ 7 , £ 3 , £9 and £ 10 . £'1 is 0{E‘^) in 
the energy expansion and violates the custodial SU{2)q symmetry even in the absence of 
gauge couplings. Finally, £11 is special in the sense that it conserves CP while it violates P. 
This operator contributes to the four-fermion matrix elements through a myriad of process- 
dependent vertex corrections. For this reason it is not easily included in the current analysis. 
Its contributions to low-energy and Z-pole data were discussed in Ref. . 

Each operator in Eqns. (p^) has a counterpart in the linear realization of SSB 


Four of these counterparts are operators and appear in Eqns. (|A1|) . We make the 

correspondence. 


£1 = 
£2 = 
£3 = 


- y 

V 

(17a) 

9 ^BW y 

V 

(17b) 

8«2 

2 5 

yZ 

(17c) 

9 '^w ■ 

(17d) 


The two-point-functions in the context of the chiral Lagrangian were calculated in the 
unitary gauge by the authors of Ref. |^. Some contributions were also checked by applying 
Eqns. ([T7|) to the results of Ref. [Q and carefully removing all Higgs boson contributions. 
The contributions of those operators which contribute only to the quartic vertices were also 
obtained in Ref. [^.[] We summarize our one-loop results as 


^The purely quartic operators contribute only to the T parameter via Eqn. (|18bD. Our results 
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(18b) 

(18c) 

(18d) 

(18e) 

(18f) 

(18g) 


As before, we have computed only the divergent contributions and replaced i( 47 r)'^r(l + 
e) —i> log(A^/p^) and have dropped all nonlogarithmic terms.0 Furthermore we have chosen 
= m|. Even when all the a^ are zero, the expressions for AS and AT are nonzero. 
This is because the nonlinear Lagrangian contains singularities which in the SM would be 
cancelled by the contributions of the Higgs boson In these terms the renormalization 
scale, /i, is appropriately taken to be the same Higgs-boson mass we use to evaluate the SM 
contributions. 


disagree with those of Ref. for the contributions of £ 4 , £5 and £ 7 , while we have differing 
conventions for £ 19 . 

^The contributions of the SU(2)c conserving terms can be obtained from the Appendix of Ref. 
by making the substitutions Liqv^/ h? ai, Lgjiv‘^/A‘^ —> 2 a 2 , Lgi,v^ /h? 203 , L2V^ / Is? — > 04 , 

Liv^/h? —> 05 . 
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The next step is to use Eqn. ( 0 ) to calculate the effective charges. However, the 
expressions become rather complicated, so we will leave them in the above form. The 
nonzero expressions on the right-hand sides of Eqns. (|18d|) -( |T^) are a clear indication that 
0{E^) operators have been radiatively generated. 

To complete this section we present the calculation of A6b in the nonlinear model |^: 

A _2 








-T C^ttg)-2- ^ 6Q!3 


m 


w 


KrriyJ 


(19) 


V. NON-ABELIAN GAUGE-BOSON VERTICES 


Much of the literature describes nonstandard ITPEy and WWZ vertices via the phe¬ 
nomenological effective Lagrangian [p9 


C 


wwv 




-igwwvi gX , ( 20 ) 

I ) 

where V = Z, 7 , the overall coupling constants are gwW'y = e and gwwz = gzc^- The 
held-strength tensors include only the Abelian parts, i.e. and = 

gt^V^ — d'^V^. In Eqn. ([^) we have retained only the terms which separately conserve C 
and P (since that is all that we retain in the previous sections). 

In the light-Higgs scenario, if we neglect those operators which contribute to gauge-boson 
two-point-functions at the tree level, we may write [ 0 : 


7/ 9 n 1 r. 

gi (g ) = ’ 

= 1 + + Ib) , 

Kz{q^) = 1 + - s^Ib) , 

\{g^) = Az(g^) = -g'^^^fwww ■ 


( 21 a) 

( 21 b) 

( 21 c) 

( 21 d) 


Hence, truncating the gauge-invariant expansion of Eqn. (|^) at the level of 0{E^) operators 
produces nontrivial relationships between the nonstandard couplings. These relationships 
are broken by the inclusion of 0{E^) operators |^. 
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We present similar equations arising from the electroweak chiral Lagrangian to 0{E^) in 
the energy expansion |TB|,PB|,|5(][| : 


= 1 +^|a3 , 

^7(0'^) = 1 + + 0^3 + ! 

nz{q^) = 1 + ^|( - s‘^a2 + c^as + c^ag) , 
A,(g^) = \z{q^) ^ 0 . 


(22a) 

(22b) 

(22c) 

(22d) 


If we impose the custodial SU(2)c symmetry on the new physics, then we may neglect the ag 
terms. In this case the correlations which exist in the light-Higgs scenario exist here as well. 
Again, these relations are violated by higher-order effects. Eqn. (|22d|) reflects our prejudice 
that the Ay couplings, being generated by 0 {E^) operators while the other couplings are 
generated by O^E"^) operators, should be relatively small. 

Current data is sensitive to gauge-boson propagator effects, but measurements of IVhhy 
and WWZ couplings are rather crude. Until the quality of the latter measurements ap¬ 
proaches the quality of the former, the approximations of this section are valid. 


VI. NUMERICAL ANALYSIS AND DISCUSSION 


^ Pcorr 0.24 . 


(23) 


We begin this section by summarizing the results of a recent global analysis [^. For 
measurements on the Z-pole, 

^|(m|) = 0.55557 - 0.00042± 0.00061 
s2(m|) = 0.23065 + 0.00003^^^±i^^|^^^^^ ± 0.00024 

The correlation between the two measurements is given by pcorr Recall 5fe(m|) = 

Sbsui^'z) + ^5h{rn%). Combining the fU-boson mass measurement {mw = 80.356 ± 
0.125 GeV) with the input parameter Gp, 


^^(0) = 0.4237 ±0.0013 . 


(24) 


And hnally, from the low-energy data, 

^I(O) = 0.5441 ±0.0029 

■7^2 


r(0) = 0.2362 ± 0.0044 


Po 


= 0.70 . 


(25) 
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We combine these results with the analytical results of the previous sections to perform a 
analysis and obtain limits on the coefficients of both the linear and nonlinear models. 


A. Results for the linear model 


For those operators that contribute at the tree level the bounds which we obtain are 
straightforward and unambiguous. For these operators we present the hts along with the 
complete one-sigma errors 


= -0.32 + 0.0088 0.55x4 ±0.44 

foB = -14 ± 10 , 
few = 3.7 ±0.085x^4 ±2.4 , 

= 0.30 — 0.028 xj:/± 0.32 Xi ± 0.16 , 

and the full correlation matrix 

( 1 -0.191 0.055 -0.237^ 

1 -0.988 -0.884 


(26) 


Pcorr 


where 


xt = 


rrit — 175 GeV 
100 GeV 


Xh = In 


0.943 
1 

rriH 

100 GeV 


(27) 


(28) 


and A = 1 TeV. The parameterization of the central values is good to a few percent of the 
one-sigma errors in the range 150 GeV < rrit < 190 GeV and 60 GeV < vriH < 800 GeV; for 
these four parameters the dependencies upon mjj and rrit arise from SM contributions only. 
These bounds will improve with the analysis of LEP II data; the process e’''e“ — W^W~ 


is sensitive to fsw even at the level of the current constraints and all of the bounds 
improve signihcantly when LEP II data for two-fermion hnal states are combined with the 
current analysis []^ . 

The constraints on the remaining parameters are more subject to interpretation. We make 
a distinction between those operators which hrst contribute to four-fermion amplitudes at 
the tree level and those which hrst contribute at the loop level. Without an explicit model 
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from which to calculate, it is most natural to assume that all of the coefficients are generated 
with similar magnitudes |^. Generally the contributions which first arise at one loop are 
suppressed by a factor of l/167r^ relative to tree-level effects; hence the contributions of 
operators first contributing at the loop level tend to be obscured. Furthermore, outside of a 
particular model it is impossible to predict the interference between tree-level and loop-level 
diagrams as well as possible cancellations among the various loop-level contributions. For 
the time being we will proceed by considering the effects of only one operator at a time. 
The results are presented in Table |. In general we find consistency with the SM for a 



mn = 75 GeV 

niH = 200 GeV 

niH = 400 GeV 

niH = 800 GeV 

fwww 

-21±10 

5±10 

24±10 

43±10 

fw 

2.4±3.2 

-5.0±3.8 

-7.5±4.5 

2.2±3.8 

fs 

-5.0±9.8 

7.1±7.5 

0.78±4.2 

-3.0±2.8 

fww 

12.5±6.0 

-4.8±9.7 

-39±17 

-289±70 

fBB 

42±20 

-16±32 

-131±57 

-960±233 


TABLE I. One-sigma fits for the coefficients of Owww, C>b, Oww and Obb for 


A = 1 TeV. In the analysis only one coupling at a time is allowed to deviate from zero. 


relatively light, 100 GeV-200 GeV Higgs boson. For fwww the central values depend upon 
niH only through SM contributions, and the one-sigma error is independent oi niH- For fiy, 
fs, fww and fBB the dependence on the Higgs-boson mass is from both SM and non-SM 
contributions, and both the central values and the errors are complicated functions of tuh- 
It is also possible that there is a hierarchy among the coefficients, some being relatively 
large while others are relatively suppressed. In the current discussion it is especially inter¬ 
esting if all of the operators with non-negligible coefficients contribute only at the loop level. 
Indeed such a scenario is possible. Gonsider, for example, the simple model described by the 
Lagrangian 


C = £sm + - ml4f4i + A,(.#>V)(4*'i>) - 


(29) 


where $ is the SM Higgs doublet, 0 is a new heavy scalar with isospin / and hypercharge Y. 
The self-coupling of the new scalar is given by A', and A/ denotes the interaction strength. 
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The physical mass of the heavy scalar is given by — An^/2. The above Lagrangian 

generates the following nonzero couplings: 


f_DW^^ _1 /(/ + 1)(2J+1) 

A2 ^2 X30 

_1 y^(2/ + i) 

IbTT^ 60 ’ 

fww ^ 1 ^ . /(/ + 1)(2J + 1) ^ fpw 

16%^ m? ^9 ^ A? 

fsB _ 1 1 ^ Y‘^{2I + 1) _ fpB 

A? IGtt^ w? ^3 A^ 


(30a) 

(30b) 

(30c) 

(30d) 


The remaining couplings remain explicitly zero. It is immediately apparent that, for large 
values of A/, the couplings fww and fpB may be large relative to fpw and fpp- (Of course 
for large A/ there may also be large corrections to the above relations.) Unfortunately this 
scenario is numerically problematic. If we are interested in the large coupling limit where 
foW) foB -C fww^ Ibb it is impossible to obtain any constraint at all. This may be seen from 
Eqns. [T^; the operators Oww and Obb contribute only through the {(?fww + fBB) term 
in AS of Eqn. |14al (Notice also that fwww enters only through AS.) In Fig. ^ the solid, 



-1 -0.5 0 0.5 1 

fpw 


FIG. 3. Constraints at the 95% confidence level in the fpw~fDB plane with fww = “^OXjfpw 
and fBB = 2 OA 7 /DB for A = 1 TeV, mt = 175 GeV and rriH = 200 GeV. The solid, dashed and 
dotted curves correspond to A/ = 0.1, 1 and 5 respectively. 

dashed and dotted curves represent A/ = 0.1, 1 and 5 respectively. For the weak coupling 
(A/ = 0.1) the contributions of fww and fBB are completely negligible. For A/ = 1 the 
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effects of fww and fsB are competitive with those of fow and /db- Finally, when A/ = 5 
the £t is dominated by the strong anti-correlation of fww and fsB- In the strong-conpling 
limit the very eccentric ellipse approaches a line. 

For stndying non-Abelian gange-boson self-interactions we are especially interested in 
the operators Owww, Ow and Ob- Withont presenting an explicit model we assnme that 
these are the only relevant conplings and that the conplings with tree-level contribntions 
are snppressed. The results are summarised by Fig. ^ For a light mn = 75 GeV Higgs 



FIG. 4. Constraints on fwww-, fw and /b at the 95% confidence level for A = 1 TeV and 
mt = 175 GeV. 

boson the constraints are rather weak; the graphs which contain propagating Higgs bosons 
tend to cancel against the remaining graphs yielding a rather large contour. The ellipsoid 
displays a strong correlation (anticorrelation) in the fwww^fw ifwww^fB) plane. Notice 
also that this scenario prefers rather large deviations from the SM; the center of the ellipsoid 
is at {fwwwi fwi Ib) = (-74,-9,40). As we increase mn the contour becomes smaller 
and less eccentric, especially for ttih = 200 GeV or mn = 400 GeV. The rriH = 800 GeV 
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contour shows flattening in the fwww^fw plane. The mn = 200 GeV and mn = 400 GeV 
contours are consistent with the SM while the mn = 75 GeV and niff = 800 GeV contours 
are disfavored. 

Recall that, by Eqns. ^ fwww, fw and Jb are related to the standard parameters for 
nonstandard IVIV 7 and WWZ couplings. The 95% confidence-level contours treating Ak^, 
Akz and A = A.^ = as the free parameters are presented in Fig. ^ for niff = 200 GeV 
and niff = 400 GeV. Both contours are consistent with the SM, though the mjj = 200 GeV 



FIG. 5. Constraints on An^, Akz and A = A-,, = A^ at the 95% confidence level assuming the 
relations of Eqns. ^ with A = 1 TeV and m-t = 175 GeV. 

contour just barely includes the SM value of A = 0. For niff = 200 GeV we observe a strong 
Ak^-A correlation which is important when considering the measurement of these couplings 
at the Fermilab Tevatron. The Tevatron is sensitive to the WW^ vertex primarily through 
the observation of bhy pairs, but due to a limited center-of-mass energy WW and WZ 
events are rare. Therefore, at the Tevatron we are primarily interested in a two-dimensional 
plot in the Ak^-X plane with a fixed value of Akz- Fig. ^(a) is a fit in the AK.y-X plane 
for niff = 200 GeV, and Fig. Kb) is the same plot for niff = 400 GeV. The solid, dashed 
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and dotted contours correspond to = 0, —0.1 and 0.1 respectively. Notice that the 


(a) 








FIG. 6. Constraints in the plane at the 95% confidence level assuming the relations of 

Eqns. ^ with A = 1 TeV and mt = 175 GeV. Fig. ^(a) corresponds to mn = 200 GeV while 
Fig. |^(b) corresponds to mn = 400 GeV. The solid, dashed and dotted contours correspond to 
/S.KZ = 0, —0.1 and 0.1 respectively. 


tuh = 200 GeV contour with Akz = 0 is very consistent with the SM while all of the 
mn = 400 GeV contours barely cross the A = 0 axis. Glearly there is much more sensitivity 
to the assumed value of when the Higgs boson is light. 


B. Results for the nonlinear model 


In order to perform the hts in the nonlinear case we calculate the SM values using 
mn = 1 TeV. Gorrespondingly we take jl = 1 TeV in Eqns. (|18a|) and (|18b|) , effectively 
subtracting off the Higgs-boson contributions. This method of subtracting off the SM Higgs- 
boson contributions is approximate, and in principle we should also subtract off all of the 
small hnite mji^-dependent terms, or we should repeat the calculation of the higher-order 
effects excluding the Higgs boson from the beginning. The nonzero expressions for 
R.yz, Rzz and Rww ia Eqns. (pAl) is a clear signal that the one-loop calculations including 
0{E‘^) operators have induced 0{E^) effects. Therefore, to be completely consistent through 
0{E ^), we should add to Eqns. ( p!8[) the two-loop contributions of the Oi^E"^) operator C'^ 
and the tree-level contributions of a complete set of 0{E^) chiral operators. Excluding these 
effects is an approximation, and in order to proceed we must assume that the excluded effects 
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do not significantly interfere with the contributions of 

First we analyze the numerical constraints on ai, /3i and Og (which correspond to AS, 
AT and AU, respectively), and we present the best-fit central values with one-sigma errors, 


ai = (4.7 ±2.6) X , 
Pi = (0.30 ± 0.57) X 10-3 
as = (-0.9 ±7.6) X lO'^ , 

and the full correlation matrix. 


(31) 


Pcorr — 


/ 


V 


-0.871 -0.121 
1 0.221 
1 


(32) 


These tree-level contributions are nondecoupling effects, hence the bounds derived are in¬ 
sensitive to the scale A. These constraints are sufficiently strong that there is no sensitivity 
to these three parameters at LEP II |l6|,p!8[|. Observe that a positive value for ai is favored. 
If we insist that either ai = 0 or /?! = 0, then the ai-Pi anti-correlation forces the other 
parameter towards a more positive central value. Accordingly, in Table U we present the 
95% conhdence-level limits where only one of ai. Pi or ag is allowed to deviate from zero. 
Indeed we see that a more positive value for both ai and Pi is preferred, and the htted value 


Pi 

ai 

ag 

(1.2±1.0)x10-3 

(6.0±4.9)x10-3 

(-7±28)x10-3 


TABLE II. 95% confidence-level constraints on Pi, ai and ag for nit = 175 GeV. These results 
are independent of A. In this table only one coupling at a time is allowed to deviate from zero. 


of Pi now deviates significantly from the SM. 

Next we place constraints on the remaining parameters by considering the effects of only 
one operator at a time. The results are summarized in Table First of all, notice that 
a 4 -a 7 and aio enter into the analysis only through their contribution to AT as shown in 
Eqn. (|18b|) , hence only the linear combination of these hve coefficients shown in the last 
column may be constrained. Furthermore, ai is anticorrelated with this linear combination 
in the same fashion as with Pi. Notice that in the hrst row of the table, when ai = 0, only 
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02 

Os 

ag 

■^Q;4 “h CK 5 14.90^5 15 . 60^7 14.70^10 

«! = 0 

0.25±0.20 

-0.12±0.09 

-0.27±0.61 

-0.44±0.35 

ai = 5.5 X 10-3 

0.03±0.20 

-0.05±0.09 

-0.28±0.61 

-0.09±0.37 


TABLE III. 95% confidence-level constraints on a 2 -a 7 , ag and aio for rrit = 175 GeV and 
A = 1 TeV. Only the linear combination of 04-07 and oio shown in the last column may be 
constrained. In the first row all other coefficients are set to zero. In the second row oi = 5.5 x 10“^ 
is chosen according to Eqn.(^I[). 

og is consistent with SM at the 95% conhdence level. However, in the second row where 
we have chosen the central valne of oi according to the best-£t valne of Eqn. (pT]), all of 
the central valnes are easily consistent with the zero. While the central valnes easily move 
aronnd as we inclnde additional operators in the analysis, the errors are mnch more robnst. 

Three of the coefficients, 02 , 03 and ag, contribnte at the tree-level to nonstandard 
LELE 7 and WWZ vertices withont making a tree-level contribntion to low-energy and Z- 
pole observables. In Fig. ^(a) we plot 95% conhdence-level limits obtained by htting 02 , as 
and ag. There is a very strong a 2 -a 3 correlation and moderately strong a 2 -ag and as-ag 
anti-correlations. Then, nsing Eqns. (P2[), we may recast the £t in terms of Ak.^, Akz and 
Agf. The resnlts are displayed in Fig. ^(b). In this basis the correlations are not as strong; 
there are moderately strong Ak^-Akz and An^-Agf correlations. In Fig. |^(a) the point 
as = 0 (eqnivalently, in Fig. 0(b), the point Ag^ = 0) lies near the edge of the contonr. 

If we reqnire any new physics to conserve the SU(2)c symmetry, then ag = 0. In this case 
there are only two free parameters, a 2 and as; eqnivalently we can choose any two parameters 
from the set {Ak.^, Akz, Agf}, and once again we use the relations of Eqns. (|^) . Recalling 
that a 2 and as are related to fs and fw by Eqns. (pTl) we can perform the analogous £t 
in the linear realization of SSB which is shown in Fig. The solid, dashed and dotted 
curves correspond to tuh = 100 GeV, rriH = 300 GeV and rriH = 700 GeV; these first 
three curves use Eqns. (^). The rriH = 100 GeV is very consistent with the SM while the 
mn = 300 GeV and uih = 700 GeV contours prefer nonzero values for Akz] the centers and 
the orientations of these ellipses are complicated functions of mu, but the contours clearly 
become smaller with increasing Higgs-boson mass. The dot-dashed curve corresponds to the 
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FIG. 7. 95% confidence level contours for A = 1 TeV and mt = 175 GeV. In (a) we show the fit 
in 02, 03 and 09. In (b) we have reparameterized the fit in terms of Ak ^, Akz and Agf according 
to the relations of Eqns. (|^). 

nonlinear realization of SSB and therefore employs Eqns. (^). It clearly does not include 
the SM, but its center could be shifted by including nonzero central values for oi and /3i 
according to Eqn. ®3). 

In any realistic scenario there will be a set of nonzero Oj, and it is possible (indeed likely) 
that there will be large interference between the effects of the various coefficients. In order 
to see the types of limits which might arise in various scenarios of SSB we consider a strongly 
interacting scalar and a degenerate doublet of heavy fermions, and we get an indication of 
the sensitivity of our results to the underlying dynamics. Using the effective-Lagrangian 
approach, we can estimate the coefficients in a consistent way. 

We hrst consider a model with three Goldstone bosons corresponding to the longitudinal 
components of the and Z and bosons coupled to a scalar isoscalar resonance like the 
Higgs boson. We assume that the are dominated by tree-level exchange of the scalar 

boson. Integrating out the scalar and matching the coefficients at the scale mn gives the 
predictions fl|36|J^, 
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FIG. 8. 95% confidence level contours for A = 1 TeV and nit = 175 GeV. The solid, dashed 
and dotted curves correspond to niH = 100 GeV, = 300 GeV and mn = 700 GeV; these hrst 


three curves use Eqns. {2A). The dot-dashed curve corresponds to the nonlinear realization of SSB 


and therefore employs Eqns. (22) 




log 


m 


H 


«5(/X^) = 


167r2 12 - V /i 

= 2a2ifi‘^) = 2Q!3(/i^) = -ai(/i^) 
1 


167r2 


1 , /m 


/i" 


64:71^ ThV‘^ 

~r „ K 


m 


H 


(33a) 

(33b) 

(33c) 


where E/j is the width of the scalar into Goldstone bosons. All of the other at are zero in this 
scenario. It is important to note that only the logarithmic terms are uniquely specihed. The 
constant terms depend on the renormalization scheme |^ , |38[| . (We use the renormalization 
scheme of Ref. ||38|| .) 

In Fig. 1^ we plot a 5 (/i^) vs. Q!i(p.^) with the pattern typical of a theory dominated by a 
heavy scalar given in Eqn. (|3^) , —ai(/i^) = 2a2(/i^) = 2a3(/i^) = a 4 (/i^). First of all, notice 
that the contour obtained depends rather strongly upon our choice of the renormalization 
scale, /i, especially with regard to the as axis. Everything to the right of ai = 0 corresponds 
to niH < 17. Furthermore, since we require that F/^ be non-negative, we may approximately 
exclude everything below the as = 0 axis. The allowed region to the upper right of the hgure 
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FIG. 9. 95% confidence level contours for A = 1 TeV and mt = 175 GeV in the a^-a\ plane 
subject to —ai{p?‘) = 2a2{p^) = 2a3{fi‘^) = The larger (smaller) contour corresponds to 

/i = 500 GeV (/i = mz)- 


corresponds to a Higgs-boson with a mass in the MeV range and an extremely narrow width; 
this portion of the hgure is already excluded by experiment. An approximate upper bound 
on niH can be obtained from the leftmost point where both curves intersect the horizontal 
axis; as this hgure is drawn the entire plane is excluded by LEP. We can, by changing A 
and p, drive the upper bound above 100 GeV or greater, but the positive central value of ai 
indicates that a heavy scalar resonance is disfavored. 

The previous example conserves the custodial SU(2)c symmetry. The simplest example 
of dynamics which violates the custodial symmetry is a heavy doublet of nondegenerate 
fermions. Ref. considers the case of a heavy doublet with charge ±|, a mass splitting 
Am, and an average mass M with (Am -C M). Then assuming the fermions are in a color 


triplet and retaining terms to 0(6"^), (d = they hnd 


M^z) 

1 (Am)^ 

Svr^ m'^ 

(34a) 

ai(m|) 


(34b) 

«3(m|) 


(34c) 
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FIG. 10. 95% confidence level contours for in the using the parameters of Eqn. "M. 

Numerically there is an allowed region for <5^ < 0. However, 5^ < 0 is unphysical, and we do not 
show it. All numbers are in GeV^. 


a9(m|) = > (34e) 

, (34f) 

Because of the heavy fermion masses in the loops, the a, are hnite and there are no loga¬ 
rithms of A in Eqns. (|5^). The custodial SU(2)c violation can be clearly seen in the terms 
proportional to 5. As in the case of the heavy Higgs boson, we note that the coefficients are 
naturally C)(l/167r^). (For a discussion where the mass splitting is arbitrary, see Ref. [^.) 

This model generates a nonzero value for an, but we have not included an in our 
analysis. This is not a problem since we expect the analysis to be dominated by the tree- 
level contributions of /9i, ai and as; we will neglect the contributions of the other coefficients. 
In Fig. 1^ we show the 95% conhdence-level limits in the (Am) plane. We have excluded 
the unphysical 5^ < 0 portion of the ellipse. However, the calculation is not valid for a 
portion of the region shown. We have explicitly assumed that Am M. If we choose a 
very loose cut-off of Am < 0.4M, then we should restrict the figure to <5^ < 0.04, and only a 
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narrow strip along the bottom of the hgure is relevant. For <5^ = 0, M —>■ oo, and we cannot 
obtain an upper bound on M. We cannot obtain a lower bound on M because the contour 
extends into a region where our calculation is not valid. If we insist that the new fermions 
are heavier than approximately 200 GeV, then AM ~ (9(60 — 90 GeV) is the preferred region 
for the mass splitting. 


VII. CONCLUSIONS 

Parameterizing the contributions of new physics at low energies with an effective La- 
grangian we have studied the contributions of new physics to electroweak observables; ev¬ 
erywhere we have treated the linear and nonlinear realizations of electroweak symmetry 
breaking in parallel, allowing us to make direct comparisons which had not previously been 
studied. The complete contributions of the new physics to low-energy and Z-pole observables 
may be completely summarised by expressions for the running charges a(g^), 
and plus a form factor for the Zbb vertex, We present explicit expressions for 

these quantities in both realizations of symmetry breaking. 

The above approach is ideally suited to performing a global analysis using all available 
electroweak precision data. We perform many such hts. We study the bounds which may 
be obtained on the various effective-Lagrangian parameters and the bounds on nonstandard 
IFlUy and WWZ couplings. For the case of nonstandard IFIFy and WWZ couplings we 
are able to investigate the role of the Higgs mass as compared to having no Higgs boson as 
all. See Fig. |. 

The coefficients of some operators in the effective Lagrangian contribute to four-fermion 
amplitudes at the tree level while the coefficients of others hrst contribute at the loop level. 
A topic of great interest is whether the former can be suppressed relative to the latter. We 
discuss one toy model where such a hierarchy is realized. If such a hierarchy could be realized 
among the operators that contribute to WW'y and WWZ couplings, then, even allowing for 
some correlations, the low-energy bounds are in some cases on par with or even superior to 
the bounds that can be obtained at LEP H. 

We then use our global analysis to examine some explicit models. For the case of a 
strongly interacting model with a scalar Higgs boson, a light scalar is strongly prefered. 
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while much of the light region has already been ruled out by LEP. We conhrm that a positive 
value for ai is prefered, which is known to strongly disfavor the simplest models that include 
a strongly interacting vector-like Higgs boson. Finally we consider the contributions of a 
heavy pair of new fermions. While our analysis is only valid if their masses are heavier than 
200-300 GeV, we hnd that a mass splitting of 60-90 GeV is prefered. 
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APPENDIX A: OPERATORS IN THE LINEAR REALIZATION OF SSB 


In this appendix we explicitly enumerate the operators of Eqn. (ED, i.e. the effective 
Lagrangian with the linear realization of SSB. The twelve operators discussed in Section pi 


are 


Odw 

Odb 

Obw 

0^,1 

Owww 

Ow 

Ob 


9'^ 


{d,W,p){d>^W''p) 








(Ala) 

(Alb) 

(Ale) 

(Aid) 

(Ale) 

(Alf) 

(Alg) 









Obb = , 

0^,3 = , 

0<,,4= , 

where Wf^i, = T^'W^^,. The held strength tensors are given by 

= d^B^ - dyB^ , 

W,, = d,W, - d,W^ - geabcW^W: , 


(Alh) 

(Ali) 

(Alj) 

(Aik) 

(All) 


(A 2 a) 

(A 2 b) 


where eabc is the totally antisymmetric tensor in three dimensions with 6123 = 1. The 
covariant derivative is given by 


D^ = d, + igT-W; + ig'YB^, 


and d) is the SM Higgs doublet, 


$ 


1 

71 


/ • 1 2 

IX + X 
+ H — ix^ 


(A3) 


(A4) 


APPENDIX B: OPERATORS IN THE ELECTROWEAK CHIRAL LAGRANGIAN 


In this appendix we present explicitly the operators of the electroweak chiral Lagrangian. 
In the notation of Ref. p2-24|, 


nniT _ B 


SM 




(Bl) 


We use the superscript ‘nlr’, denoting ‘nonlinear realization’. The hrst term is the SM 
Lagrangian, but in this case no physical Higgs boson is included. Hence £g^ is nonrenor- 
malizable. The hrst non-SM terms are energy dimension-two and -four operators which are 
not manifestly suppressed by explicit powers of some high scale. 
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While the physical Higgs boson has not been employed, the Goldstone bosons, Xi for 
i = 1, 2, 3, are included through the unitary unimodular field U introduced below. Following 


Ref. [|3, 


U = exp 


Xi{x)Ti 


1 , 


D^U = d^u + igT'^W^U - ig'UT^B^ 
T = 2UT^U^ —^ 2T^ , 

= {D^U)U^ D,U , 


- ig'T^B^ , 


(B2a) 

(B2b) 

(B2c) 

(B2d) 


where 1 is the 2x2 identity matrix, the Pauli matrices are denoted by r*, and T* = rj/2 with 
the normalization Tr(TjTj) = ^6ij. The right-pointing arrow indicates the unitary-gauge 
form of each expression. The lowest order effective Lagrangian for the symmetry breaking 
sector of the theory is 


C 


SM — 





(B3) 


The non-SM operators with four or fewer derivatives which conserve CP are p3|,^ 

2 


C\ = -l3y[TT{TV,) 
1 




C, = -a2g'B,,TT(T[V^,V’^]) , 

/:3 = ^a3^Tr(lT•^,[R^W]) , 

A = ^4 Tr(V^K) ^ , 

C, = a,[TT{V^Vnf , 

Ce = a6Tr(v;K)Tr(TR^)Tr(TW) , 
Cr = a7Tr(R^R^)Tr(TK)Tr(TW) , 
Cs = \(y8g"[Tr{TW,,)]\ 

C, = ^a9^Tr(TW^,)Tr(T[R^n) , 

Ao = ^«io[Tr(Tf;)Tr(TK)]', 

Cii = an^e^"""Tr(TR^)Tr(wWp. 


(B4a) 

(B4b) 

(B4c) 

(B4d) 

(B4e) 

(B4f) 

(B4g) 

(B4h) 

(B4i) 

(B4j) 

(B4k) 

(B41) 
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